The analysis of the biology of neurotropic viruses, notably of their interference with cellular signaling, provides a useful tool to get further insight into the role of specific pathways in the control of behavioral functions. Here, we exploited the natural property of a viral protein identified as a major effector of behavioral disorders during infection. We used the phosphoprotein (P) of Borna disease virus, which acts as a decoy substrate for protein kinase C (PKC) when expressed in neurons and disrupts synaptic plasticity. By a lentiviral-based strategy, we directed the singled-out expression of P in the dentate gyrus of the hippocampus and we examined its impact on mouse behavior. Mice expressing the P protein displayed increased anxiety and impaired long-term memory in contextual and spatial memory tasks. Interestingly, these effects were dependent on P protein phosphorylation by PKC, as expression of a mutant form of P devoid of its PKC phosphorylation sites had no effect on these behaviors. We also revealed features of behavioral impairment induced by P protein expression but that were independent of its phosphorylation by PKC. Altogether, our findings provide insight into the behavioral correlates of viral infection, as well as into the impact of virus-mediated alterations of the PKC pathway on behavioral functions. dentate gyrus | hippocampus | virus | memory | protein kinase C
Edited by Peter Palese, Icahn School of Medicine at Mount Sinai, New York, NY, and approved December 29, 2017 (received for review July 6, 2017) The analysis of the biology of neurotropic viruses, notably of their interference with cellular signaling, provides a useful tool to get further insight into the role of specific pathways in the control of behavioral functions. Here, we exploited the natural property of a viral protein identified as a major effector of behavioral disorders during infection. We used the phosphoprotein (P) of Borna disease virus, which acts as a decoy substrate for protein kinase C (PKC) when expressed in neurons and disrupts synaptic plasticity. By a lentiviral-based strategy, we directed the singled-out expression of P in the dentate gyrus of the hippocampus and we examined its impact on mouse behavior. Mice expressing the P protein displayed increased anxiety and impaired long-term memory in contextual and spatial memory tasks. Interestingly, these effects were dependent on P protein phosphorylation by PKC, as expression of a mutant form of P devoid of its PKC phosphorylation sites had no effect on these behaviors. We also revealed features of behavioral impairment induced by P protein expression but that were independent of its phosphorylation by PKC. Altogether, our findings provide insight into the behavioral correlates of viral infection, as well as into the impact of virus-mediated alterations of the PKC pathway on behavioral functions. dentate gyrus | hippocampus | virus | memory | protein kinase C T he increasing prevalence of mental and behavioral disorders urges the identification and implementation of new therapeutic strategies (1) . Unfortunately, effective treatments for these diseases rely on drugs generated decades ago and the development of new medications has not yielded significant improvement (2) . Recently, efforts have switched from the short-term improvement of preexisting medications to the design of new approaches focusing on neural circuitry dysfunctions (3). Interestingly, a better knowledge of the biology of viruses can provide new understandings of brain dysfunction. Indeed, as obligate parasites, viruses have evolved highly specific means to hijack cellular pathways to optimize their replication and survival in their host. Hence, studies of viral interference with cell functions have yielded many discoveries on the cell transcription machinery (4), the IFN response (5), the role of mTOR pathways during tumorigenesis (6), or more recently, mitochondrial-driven neuroprotection (7, 8) . Thus, away from modeling the core aspects of a given mental illness, the study of neurotropic viruses, whose persistence leads to neurological symptoms, could reveal important insights into neural circuits and their alterations during neuropsychiatric disorders.
In that regard, the noncytolytic and neurotropic Borna disease virus (BDV) is an ideally suited experimental model. Indeed, BDV hijacks the neuronal molecular machinery for its replication and lifelong persistence in the brain, without causing cellular death. In addition, BDV displays a preferential tropism for the neurons of the limbic system and infects a remarkably wide range of warm-blooded animals, from mammalian to avian species (9, 10). Clinical manifestations after both natural and experimental infections are highly heterogeneous but remarkably, they are always accompanied by behavioral alterations (11) . In rodents, behavioral features of BDV disease include symptoms such as hyperactivity, movement and posture disorders, stereotypic or perseverative behaviors, chronic emotional abnormalities, abnormal social interactions, and impaired cognitive functions (11) .
Among the six proteins encoded by BDV, the viral phosphoprotein (P) represents a major candidate to explain the occurrence of behavioral disorders during infection (12) . Besides acting as a cofactor for the viral polymerase, this multifunctional 24-kDa protein interacts with numerous cellular pathways (12) (13) (14) . In particular, P is preferentially phosphorylated at serine residues 26 and 28 by protein kinase C (PKC) and, to a lesser extent, at serine residues 70 and 86 by casein kinase II (CKII) (15) . Our previous work has established that P selectively interferes with PKC-dependent phosphorylation in neurons. By acting as a decoy substrate for neuronal PKC, P diverts part of the enzyme activity toward phosphorylation of its own S26/S28 residues. Consequently, neuronal infection with a virus bearing wild-type P decreases the phosphorylation levels of major PKC neuronal substrates, such as SNAP25 or MARCKS, and selectively impairs neuronal activity and plasticity. In contrast, neurons infected with a virus bearing a P protein mutated in its PKC phosphorylation
Significance
As obligate parasites, viruses have evolved strategies to hijack cellular pathways and persist in their host, sometimes without causing overt diseases. As such, they represent unique tools to decipher cellular functions and their consequences on host physiology. Here, we exploited the natural property of a virusencoded protein known to act as a decoy substrate for protein kinase C (PKC), a pathway thought to play key roles in learning and memory processes. When selectively expressed in the hippocampal dentate gyrus of mice, this protein caused behavioral abnormalities, notably increased anxiety and impaired memory, mostly by interfering with PKC-dependent phosphorylation. Our findings provide further insight into the role of the PKC pathway in controlling cognitive functions.
site exhibit a normal pattern of PKC-dependent phosphorylation, with restored neuronal plasticity (12, 16) .
Interestingly, PKC-dependent phosphorylation regulates numerous key brain functions such as neuronal excitability, neurotransmitter release, ion channel activity, and synaptic plasticity (17) (18) (19) . Therefore, it is likely that any impairment of PKCdependent phosphorylation may lead to learning and memory disabilities that are observed in many neurobehavioral diseases (20, 21) . In addition, PKC plays a major role in neuronal communication and interacts with transduction pathways of a wide variety of neurotransmitters and growth factors implicated in the pathogenesis of mental disorders (22) . Indeed, dysregulations of PKC signaling have been associated with neuropsychiatric (schizophrenia) (23) or mood diseases (bipolar disorders, depression) (20, 24) , as well as with autism spectrum disorders (25) . To date, however, the study of PKC physiological functions supported by the hippocampus has mostly been based on the use of pharmacological tools, such as PKC inhibitors or activators that may lack selectivity (22, 23) .
Here, we sought to use the P protein, expressed out of the viral context, to examine its impact on behavior and memory, as well as to gain further insight into the consequences of impaired PKC-dependent phosphorylation on behavior. To discriminate between effects of this protein that would be dependent or not on its phosphorylation by PKC, we expressed either wild-type or mutated P through lentiviral administration in the hippocampus of wild-type adult mice and studied the effects using a battery of behavioral and memory tasks.
Results

Isolated Expression of the P Protein Interferes with PKC-Dependent
Phosphorylation in Hippocampal Neurons. Our previous work using rat neurons demonstrated that BDV interferes with PKC phosphorylation of synaptic proteins, with detrimental effects on synaptic plasticity. Importantly, normal PKC-dependent phosphorylation was restored upon infection with a recombinant BDV bearing a mutated P protein (P AASS ), in which the two serine residues in position 26 and 28 of BDV P had been replaced by alanine (A) residues, thereby abrogating its PKC phosphorylation sites (Fig. 1A) , whereas the two alanine residues that are phosphorylated by casein kinase II (CKII) were spared (12, 16) . To study the impact of the singled-out expression of BDV P on mouse behavior, we constructed lentiviral vectors expressing wild-type P (P WT ), P AASS , or GFP as a control (Fig.  1A) . We observed that these vectors allowed expression of the P protein at levels comparable to what can be observed upon infection (Fig. S1 ). Before performing in vivo experiments, we confirmed that interference with PKC-dependent phosphorylation due to expression of P was indeed observed in cultured mouse neurons. To this aim, we used primary cultures of hippocampal neurons prepared from C57BL/6J mice. Nine days after lentiviral transduction with vectors expressing GFP (as a control), P WT , or P AASS , we directly stimulated neuronal PKC using phorbol 12-myristate 13-acetate (PMA) and analyzed phosphorylation levels of the synaptosomal-associated protein of 25 kDa (SNAP25, on Ser187), a major PKC neuronal substrate. Consistent with our previous reports (12, 16) , Western blot analysis confirmed that phosphorylated SNAP25 (pSNAP25) levels were decreased upon PKC stimulation in hippocampal neurons transduced with P WT (Fig. 1B) . In contrast, levels of pSNAP25 upon PKC stimulation were similar between neurons transduced with P AASS and those transduced with a GFP-expressing vector (or nontransduced neurons), showing that P AASS does not interfere with PKC-dependent phosphorylation. Thus, we confirmed that the P WT protein interferes with PKC-dependent phosphorylation in cultured neurons.
Lentiviral-Mediated Expression of P WT and P AASS in the Hippocampus
Is Efficient and Stable. To study the impact of P expression on mouse cognition, lentiviral vectors expressing GFP, P WT , or P AASS were bilaterally injected into the hippocampal dentate gyrus (DG), the gateway to hippocampal circuits (26) (Fig. 1C) . Correct targeting of the DG and long-term expression of GFP, P WT , or P AASS were assessed histologically after completion of behavioral testing, i.e., 12 wk after lentiviral injection (Fig. 1D) . Lentiviral delivery into two sites (dorsal and ventral) of each DG allowed robust neuronal expression of the different proteins (Fig. 1D) . Positive signals were observed throughout the rostrocaudal axis of the DG and covered a length of ∼2,000 μm. P WT and P AASS expression was particularly strong in the nuclei, as expected for this protein with two nuclear localization sequences (Fig. 1A and Fig. S2 ) (27) . Lentiviral transduction also enabled a strong expression of P WT and P AASS in the cytoplasm, both in the cell bodies and dendrites (Fig. 1D, Insets) . Proteins were also detected by Western blot analysis on dissected hippocampi (Fig. S3) .
To gain insight into the efficiency of viral transduction before behavioral experiments, we stereologically estimated the percentage of cells expressing the two forms of the P protein in the DG (Fig. S4) . Transduction rates were similar between P WT and P AASS , with an average rate of 31.6 ± 0.45% cells expressing P WT and 32.4 ± 1.1% cells expressing P AASS . Analysis of the colocalization with the neuronal marker NeuN showed that the vast majority of transduced cells (>90%) were neurons (Fig. S5) , the rest being composed of astrocytes (positive for the marker GFAP, Fig. S6 ). Importantly, expression of the transgenes did not elicit any marked activation of astrocytes (Fig. S7) . Likewise, it did not trigger infiltration of T cells or microgliosis (Fig. S8) . Thus, our lentiviral vectors-based strategy enabled a stable and long-lasting expression of the P protein, with a similar pattern for its wild-type and mutated variants, without inducing any overt intraparenchymal host responses.
Long-Term Expression of the P Protein in the Hippocampus Increases Anxiety-Related Traits. We first investigated whether hippocampal expression of P could affect mouse activity and exploratory behavior. Two months after lentiviral administration, cohorts of animals expressing GFP, P WT , or P AASS in the DG were analyzed for spontaneous locomotor activity in the open field. Mice from all groups traveled the same distance ( Fig. 2A) , with a similar velocity (Fig. 2B) , with no difference in the number of rearings on the walls and in the center of the arena. Thus, hippocampal expression of the P protein had no impact on mouse locomotor activity or exploratory behavior. Next, another cohort of animals was screened for anxiety-related behavior in the elevated plus maze (Fig. 2 C and D) . Analysis of the time spent in the open arms revealed a significant group effect. Strikingly, mice expressing P WT spent less time in the open arms compared with the other groups (Fig. 2C) . Similarly, the relative number of entries in the open arms was also significantly decreased for animals expressing P WT (Fig. 2D) . Altogether, these data suggest that hippocampal expression of P WT, the PKC-phosphorylatable form of the protein, favors anxiety-related traits in mice.
Hippocampal Expression of the P Protein Impairs Long-Term Contextual Fear Memory. We next assessed the effects of P WT and P AASS expression in the DG on learning and memory, using hippocampaldependent tasks. First, mice were subjected to contextual followed by cued fear conditioning. We assessed a possible effect of P on fear expression and learning performances by monitoring freezing behavior during the conditioning session (Fig. 3A) . Consistent with increased anxiety-related traits observed in the elevated plus maze (Fig. 2) , expression of P WT led to a significant increase in baseline freezing measured at tone delivery (Fig. 3A) . As expected, all groups displayed a similar increase in their freezing response after delivery of the electric shock. However, when contextual fear memory was evaluated 24 h later (Fig. 3B) , P WT mice displayed significantly reduced freezing levels compared with other groups, 
01). (D) P WT also decreased the number of visits in the open
arms of the elevated plus maze (one-way ANOVA, P < 0.05). Data are expressed as means ± SEM (GFP n = 8; P WT n = 11; P AASS n = 10). **P < 0.01, # P < 0.05 by post hoc Fisher's least significant difference test for, respectively, P WT vs. GFP and P WT vs. P AASS . Fig. 3 . Effects of P expression on contextual memory. (A) Fear expression in GFP, P WT , and P AASS mice during conditioning. Repeated ANOVA ran on 30-s blocks during the whole session (P < 0.05), and independent one-way ANOVA ran on block 4 (*P < 0.05). All groups displayed a similar increase in their freezing response after delivery of the electric shock (P > 0.05, independent one-way ANOVA ran on block 6). The lightning bolt icon indicates the time of shock delivery; the speaker indicates the tone delivery block. (B) Contextual memory assessed 24 h after conditioning and expressed as normalized data (SI Materials and Methods), showing the selective impairment of contextual memory due to P WT expression in the DG. One-way ANOVA, P < 0.01; # P < 0.05 for P WT vs. GFP and **P < 0.01 for P WT vs. P AASS by post hoc Fisher's least significant difference test. (C) Analysis of residual freezing to the modified context before tone emission, 48 h after training. (D) Cued memory, assessed in a modified context, 48 h after training. Data are expressed as means ± SEM (GFP n = 8; P WT n = 10; P AASS n = 9).
reflecting impaired acquisition and/or consolidation of contextual fear memory. Two days (48 h) after conditioning, cued memory was assessed in a new context. Residual freezing to the new context before tone emission was similar across groups (Fig. 3C) . Moreover, all groups of mice displayed the same freezing response to the tone (Fig. 3D) . Overall, these results demonstrate that hippocampal expression of P WT has a specific impact on contextual memory, while sparing amygdala-driven association between the tone and the shock. Our findings also reveal that the P protein needs to be phosphorylated by PKC to exert its effect on contextual memory.
Hippocampal Expression of the P Protein Impairs Long-Term Spatial
Memory. Given the critical involvement of the dentate gyrus in spatial learning and memory processes (28), we next evaluated the effects of P expression in the object location task and the Morris water maze (MWM), two tests that assess spatial memory.
The object location task addresses the ability of rodents to evaluate spatial relations between objects, a cognitive operation that relies on the hippocampus (Fig. 4A) (29) . After familiarization to the setup during which all groups performed similarly (Fig. S9 ), mice were allowed to explore two identical objects. Importantly, both objects were similarly explored and elicited a similar interest from all groups of animals, as indicated by the same cumulated time of exploration between objects and at each session (Fig. 4B ). All groups also displayed an equivalent decrease in time spent exploring the objects during the second training session, indicating habituation to the presence and position of the objects in the arena (Fig. 4B) . The next day, GFPexpressing controls preferentially explored the object that had been moved to a new location (Fig. 4C) . Likewise, mice expressing P AASS also detected the new spatial configuration of the objects, while showing a significant preference for the nondisplaced object. In contrast, P WT expressing mice showed no exploratory preference for the displaced object compared with chance level (50%) (Fig. 4C) , indicating that they did not detect the spatial change.
In the MWM, mice have to locate a hidden platform using distal visual cues (30) (Fig. 5A) . First, we found that P expression did not influence performance during spatial training (Fig. 5B) . Indeed, a repeated ANOVA revealed no significant group effect but a session effect with no time × group interaction. Thus, all groups learned to locate the hidden platform across the 5 d of training and performed equally well at the end of training. All three groups also showed similar swim speed and thigmotactism (Fig. S10) . We then assessed long-term spatial memory in a probe test conducted 24 h after the last training session (Fig. 5 A and C). All groups spent significantly more time in the target quadrant where the platform was located during training than in the three other quadrants (Fig. 5C ), indicating that mice remembered its original location. However, animals expressing P WT spent significantly less time in the target quadrant compared with mice from the other groups. To evaluate the precision of spatial memory, we measured the number of annuli crossings in the four quadrants during the probe test for each group of mice (Fig. 5D) . Intragroup analyses revealed that mice expressing GFP or P AASS crossed significantly more the target annulus than the three other annuli (Fig. 5D ). In contrast, P WT -expressing animals showed a less precise search strategy and crossed equally the target and its adjacent annuli (east and west). Hence, while mice expressing P AASS or GFP remembered precisely where the platform was located during training, mice expressing P WT displayed a less accurate spatial search, indicative of impaired long-term spatial memory. Altogether, our results demonstrate significant spatial memory impairment due to hippocampal expression of P WT and confirm that the deleterious effects of the P protein on long-term memory in the MWM depend on its phosphorylation by PKC.
Discussion
The goal of our study was to provide further insight into the mechanisms whereby a viral protein may lead to behavioral disorders in mammals, as well as to unravel the role of PKCdependent phosphorylation in cognitive functions. We singled The horizontal dotted line represents equal exploration of both objects (50%). Comparison with 50%: *P < 0.05, **P < 0.01 for index vs. chance level, Wilcoxon signed-rank test. Data are expressed as means ± SEM (GFP n = 8; P WT n = 11; P AASS n = 10). analysis of the number of annuli crossings between groups of mice. *P < 0.05 for P WT and ***P < 0.001 for GFP and P AASS , by one-way ANOVA intragroup analyses. (P > 0.65 and P > 0.07 for, respectively, target vs. east and target vs. west, by post hoc Fisher's least significant difference test). Data are expressed as means ± SEM (GFP n = 20; P WT n = 25; P AASS n = 23).
out the P protein, clearly established by our team as a selective blocker of neuronal plasticity (12, 16, 31) and expressed this protein in a restricted brain region, out of the viral context. We focused on the effects of P in the dentate gyrus, the gateway to hippocampal circuitry, to address its behavioral and cognitive impacts. Importantly, using both P WT and its mutant counterpart P AASS allowed us to discriminate between effects of the P protein that would be dependent or independent of its phosphorylation by PKC (12) . Our results clearly demonstrate that a single viral protein is able to induce a wide range of behavioral abnormalities, mostly resulting from its ability to interfere with PKCdependent phosphorylation in the CNS, herewith confirming the fascinating features of the interplay between Borna disease virus and the brain (32) .
We first observed that P WT expression triggered increased basal anxiety in the elevated plus maze. This anxiogenic effect was also observed in the fear conditioning test. Animals expressing P WT exhibited increased fear reaction to the context before any shock delivery, in an environment that should have been perceived as nonharmful (33) . As a part of the limbic circuit, the hippocampus is a major actor in the control of mood and anxiety (34) and plays a central role in the pathophysiology of anxiety disorders (35) . Furthermore, DG granule cells contribute to learning and/or anxiety processes, according to their position along the dorsoventral axis of the hippocampus (35) . Interestingly, our stereological counting revealed widespread transduction of the DG, including in the ventral region where granule cells have been shown to play a suppressive action on innate anxiety, while sparing exploratory behaviors (28, 35) . We could thus hypothesize that the anxiogenic effects due to the P protein may result from impaired activity of granule cells. Our results are also in agreement with studies demonstrating anxiogenic effects of PKC ablation in various transgenic mouse models (36, 37) , as well as of targeted injections of PKC inhibitors in the hippocampus (38, 39) .
Consistent with the major role played by the hippocampus in learning and memory processes, expression of the P protein led to a clear PKC-dependent impairment of two types of episodic-like memory, i.e., long-term contextual fear memory and spatial memory in the water maze and object location tasks. These effects are consistent with the deleterious effects on mouse learning and memory that result from PKC inhibition or genetic ablation (40) (41) (42) (43) , and the converse cognitionenhancing effects of PKC activation or overexpression (44) . Surprisingly, although P AASS mice detected the spatial change in the object location task, they displayed a preference for the nondisplaced object, which may reflect the expression of neophobia. This is indicative of additional effects of P on memory, which appear to be distinct from its PKC decoy activity and are revealed when the PKC phosphorylated site is mutated, thereby sparing the capacity of mice to detect the spatial change. In addition to PKC pathways, the multifunctional P has been reported to interact with the Traf family member-associated NF-κB-binding kinase 1 (TBK-1), the gamma-aminobutyric acid receptor-associated protein (GABARAP), and the neurite outgrowth factor amphoterin/HMGB-1 (12, 45) . For instance, it has been reported that P protein modifies the epigenetic environment of the chromatin through its interaction with HMGB1 (46, 47) . Thus, expression of P may have induced memory impairments both through its phosphorylation by PKC, including modifications of histone acetylation (48) , and by other mechanisms such as effects on chromatin structure dynamics. In addition, the P AASS mutant still retains sites for phosphorylation by CKII (S70/86) and TBK1 (S8/11) (15, 49) that may contribute to impaired neuronal activity. Notably, CKII activity is particularly elevated in the cortex and hippocampus and has been involved in learning and memory processes (48, 50) . Altogether, our data confirm the central role of P as a key player for behavioral alterations, including anxiety-related traits and spatial memory defects through its interference with PKC. They also unveil a previously uncharacterized PKC-independent effect of P.
Infection with BDV preferentially targets CNS regions where activity of the epsilon isoform of PKC (PKCe) is high (51) . Indeed, P was originally thought of as a selective substrate for this isoform (15) . However, our subsequent work on neuronal cultures indicated a broader activity on PKC-dependent phosphorylation (12) . However, we cannot exclude that P could have differential effects on various neuronal PKC isoforms, such as nuclear-translocated PKCs. As a matter of fact, we recently demonstrated that the P protein induces a specific and PKC-dependent set of epigenetic dysregulations, including impaired acetylation on selected lysines of several core histones (52) .
In most behavioral studies consecutive to CNS infections, the idiosyncratic effects of the virus are often blurred by coinciding immune reactions or developmental damage. In any event, our results fit well with the reported increased anxiety in neonatally BDV-infected rats (53) . They also match with increased freezing responses to novel environments, as well as with spatial learning and memory deficits observed in adult infected rats (53) (54) (55) (56) (57) (58) . In addition, spatial memory deficits were also found in a line of transgenic mice expressing P in astrocytes, which displayed a defined set of molecular dysregulations (59, 60) . In our case, we cannot formally exclude the possibility that our results may also be due, at least in part, to the expression of P in other neurons than the DG present in the vicinity of the injection site (e.g., interneurons) or even in glial cells. We, however, think this is unlikely, considering the precise targeting of the lentiviral vectors and the minority of glial cells that were found to express P (Figs. S5 and S6) .
The idea that a parasite or pathogen could modify the behavior or cognitive performances of its host is attractive (61) . In particular, some parasites like the protozoan Toxoplasma gondii are even thought to facilitate their own transmission through the modification of mouse behavioral responses to their predators (62) . In the case of neurotropic viruses, including BDV, studies of peculiar pathogens that have evolved to preserve the neuronal network of their host may thus reveal surprising insights into the neurobiology of rodent behavior.
Materials and Methods
The materials and methods used are detailed at length in SI Materials and Methods. Construction and production of lentiviral vectors, stimulation and Western blot analysis of mouse primary hippocampal cultures, surgery and infusion of lentiviral vectors, histology and immunohistochemistry, behavioral characterization (elevated plus maze, open field, contextual fear conditioning, object location, and Morris water maze), data analysis, and statistics are described therein. Experiments on mice were performed in accordance with the European Union (86/609/EEC) and the French Committee of Ethics (87/ 848) policies. Our protocol received approval from the local ministry-approved committee on ethics in animal experimentation (Ethics Committee of the US 006 / CREFRE) (permit no. 04-U1043-DG-06).
